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Speed of sound

Wave speed

Specific heat at constant pressure
Specific heat at constant volume
Width of electrode

Bubble diameter

Electric field

Faraday’s constant

Frequency

Resonant frequency of oscillating bubble

Frequency of standing wave
Current

Currert density

Channel or electrode length
Chanpel transverse length
Integer

Pressure

Fluid pressure

Gas constant

Bubble radius

Specific gravity
Temperature

Time

Velocity

Freestream velocity
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ac
B&K
DARPA
DTRC

dc

ABBREVIATIONS

Amperes

Alternating current

Bruel & Kaer

Defense Advanced Research Projects Agency
David Taylor Research Center
Decibels

Direct current

Faraday (96,487 coulombs)

Fast Fourier transform

Hertz (cycles per second)

Kilohertz

Magnetohydrodynamic

Micropascals
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Sound pressure level
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ABSTRACT

Sound pressure levels were measured during the electrolysis process of seawater in
a magnetohydrodynamic-type channel. but withour an applied magnetic field. The test
configuration was a small-scale version of a seawarer magnetohvdrodynamic (MHD)
thruster and the test conditions were similar to those which might occur in an undersea
MHD-powered vessel. The electrolysis of sea water at current densities up to 0.3 Alcm?
produced broad-band noise at frequencies above 2 kH: and up to 20 kH=. Most of the
acoustic energy was in the 2— to 6—kH: range. A few noise peaks were superimposed
upon the broad-band noise. The most significant of these appeared to be associated with
transverse standing waves in the flow channel.

The increased noise levels resulted from the oscillation of hydrogen bubbles pro-
duced during electrolysis as these hydrogen bubbles (1) detach from the electrode surface
and (2) coalesce, forming larger bubbles. The test data suggest thar bubble coalescence is
the principal noise source. Bubble diameter, inferred from the noise data, appears to be in
the range of 0.075 to 0.15 mm. The bubble noise was relatively easy to measure and to
discern from test facilicy nvise and flow-induced noises. Some comparisons with previous
noise measurements are made and various factors that influence the bubble noise are
outlined.
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INTRODUCTION

The acceleration of electrically conducting fluids by crossed electric and magnetic
fields (i.e. magnetohydrodynamic or MHD propulsion) has been proposed and invest-
gated for many years. Commercially available hquid-metal pumps utilize this concept,
but MHD propulsion has had limited success in other applications. One problem limiting
the successful application of MHD thrusters has been the inability to produce the high
magnetic field strengths needed. The performance of the device is related to the electrical
conductivity of the fluid and the magnetic field strength; thus high magnetic fields are
essential when the conductivity is low.

Because seawater is an electrical conductor, the application of this concept for ship
propulsion has been repeatedly suggested over the past three decades. (See refs. 1 through
6 for example.) Seawater MHD thrusters have not been pursued in the past because of
the poor performance which would result at low magnetic fields. However. with the
advent of superconducting magnets, which can produce fields of 6 to 10 tesla, the appli-
cation of MHD thrusters for seawater becomes more feasible. As a result, interest in this
propulsion concept is increasing at several naval laboratories and at the Defense Ad-
vanced Research Projects Agency (DARPA). Furthermore, the Japanese have reported on
an MHD ship propulsion program.’# Their work has apparently resulted in the construc-
tion of a prototype which is reported to have two MHD thrusters, each producing a Lo-
rentz force of 8000 newtons with a 4 tesla superconducting magnet installed in a vessel
having a displacement of about 150 tons.*

Recent interest in this ship propulsion concept is also stimulated in part by the ex-
pectation that an MHD thruster would be quieter than conventional mcthods of providing
mechanical power to shafts and propellers. The reason for the interest in undersea MHD
vehicle propulsion is obvious — perhaps too obvious, since the news media speculated
and widely reported that the Soviet Vicror Class submarine may have utilized MHD pro-
pulsion units.>1® This speculation appeared to be based on photographs that show a small
pod on the stern of the vessel. This pod was presumed to contain the MHD thruster unit.
This speculation has no apparent basis in fact; the pod appears too small to contain any
useful MHD propulsion unit. In any case, the prospect of quieter operation provides a
strong incentive to consider propellerless MHD propulsion units, since it would eliminate
not only the noise associated with propeller cavitation but also the mechanical vibratons
and noises associated with a gear reduction box and a rotating shaft.

The MHD process in seawater is not noise free, however. As an electric curreut
passes through the water, electrolysis occurs. In the MHD thrusrer, hydrogen bubbles are
produced at the cathode and chlorine at the anode. Depending upon the anode material,
the chiorine generated at the anode can be very quickly hydrolyzed, producing hvpo-
chlorite and hydrogen.!! This generates additional hydrogen bubbles. Since the bubbles
may oscillate as they leave the electrode surfaces or as they coalesce, they can serve as a
noise source functioning in an ideal sense as a linear barmonic oscillator. To evaluate the
feasibility of seawater MHD thrusters, the noise potential of the electrolysis process
should be examined both experimentally and analytically.

*Seizo Motora, “Research and Development of Superconducting Electromagnetic Propulsion Ships.”
Japan Foundation of Shipbuilding Advancement (unpublished communication).
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The David Taylor Research Center (DTRC) has been analytically studying the
application of MHD thrusters for ship propulsion over the past several years.!?* To
support this activity, an experimental program to test the electrical characteristics of an
MHD thruster was started at the U.S. Naval Academy in cooperation with DTRC.'3 The
purposes of these tests were (1) to investigate the electrolysis process in an MHD channel
(without an applied magnetic field), (2) to observe the bubble formation, and (3) to make
preliminary measurements of the bubble noise. Reference 13 reports on the electrical
characteristics of seawater electrolysis in an MHD channel. This report provides informa-
tion concerning (1) bubble formation and dynamics and (2) the noise spectrum of a small-
scale seawater MHD channel. The tests were conducted without a magnetic field, and the
seawater was simulated by using commercially available salt compounds.

BACKGROUND

The mechanisms of underwater noise were thoronghly discussed by Ross'® over a
decade ago. The work. which was supported by the Office of Naval Research, summa-
nzes the causes of bubble noise from several sources such as cavitation. entrainment of
air by waves and/or wakes. and gas discharges into water. The electrolysis of seawater in
an MHD thrust unit provides another mechanism for bubble generation and bubble noise,
which has not been extensively studied.

In its simplest form, the electrolysis of water results in the generation of chlorine
gas at the anode and hydrogen gas at the cathode by the reactions:

Anode 2CI7 — Cl; + 2¢” (1
Cathode 2¢™ + 2H,O — H; + 2(OH)~ (2)

More complicated electrode reactions can also occur, depending upon the electrode
materials used and the level of current. Bennett!” states that chlorine generated at the
anode will very quickly be hydrolyzed and H. generated by the reactions:

2CI" = Clp + 2~ (3)
Cl; + HO <« HCIO+ClI"+H* 4)
HCIO <« CIO~ + H* (5
2H* + 2 — H> (6)

The amount of hydrogen gas produced at the cathode can be calculated guiic simply,
since one hydrogen molecule is produced for every two electrons. Measurement of the
electrolysis current was used as an early means of determining Avogadro’s Number. One
faraday of charge. F, (96.487 coulombs) will produce one mole or 1.008 g of hydrogen,
assuming all of the H: generated is in the form of H> gas. As a result. it can be shown
that the volumetric production of Hs is:

vell)x (& (7)
F 2p

if the H generated is treated as a perfect gas.
*Also D. Bagley, privare communication (Sept 1989).
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7™ _ amount of H; produced at the anode by hydrolyzation of Cl, is more difficult to
estimate because the rate of this process (Egs. 3—6) could not be determined. With cenain
anode materials such as aluminum, bubbles are observed on the anode. but they are not
nearly as abundant as the H» bubbles generated at the cathode. With other anode materials
such as copper and stainless steel, few bubbles were observed on the anode.

In any event, as an H; bubble is generated at the wall, it passes through the shape
changes shown in Fig. 1a. It leaves the wall as a flattened spheroid (stage 3) and begins to
oscillate (stage 4) until it reaches an equilibrium spherical shape. The oscillauon stage
generates noise which radiates as a simple monopole source. Monopole noise sources are
essentially omnidirectional. Thus the noise is propagated both upstream and downstream
from the MHD channel.

Observation of the bubble formation (Tempelmeyer”) clearly demonstrated that
small-diameter bubbles (probably less than 0.5 mm in diameter) are generated uniformly
over the cathode and to a lesser degree with some anode materials. (Additional bubbie
size information during electrolysis, obtained photographically by Sides.'® indicated that
electrolysis bubbles may be still smalier.) The bubbles rise and move downstream in the
electrode boundary lavers under a balance of forces due to (1) shear in the boundary
layer, (2) their natural buoyancy. and (3) their surface tension with the wall. If the elec-
trodes are located on the verucal sidewalls of the channel (Fig. 2b). the bubbles rise due
to their buovancy but remain in the electrode sidewall boundary laver until they reach the
top of the channel. As they rise. they are also convectied downstream by the bound-
ary-layer flow. When the bubbles were generated at a horizontal bottom wall (Fig. 2c).
the hvdrogen bubbles produced at the cathode rose through the boundary laver because of
their buoyancy and moved into the free stream where they were more rapidly convected
downstream. However, bubbles formed at the electrode and sidewall corner rose in the
sidewall boundary layer and stayed close to the sidewall. As a result, many of these
bubbles reached the top of the wall before moving out of the channel. and they formed
small gas pockets at the corners of the upper wall (i.e. the channel ceiling).

Within the electrode boundary layers and in the free stream, the bubbles may
coalesce. producing nonspherical shapes which oscillate and serve as noise sources. as
depicted in Fig. 1b. Noise is also produced if the bubbles subdivide. However. observa-
tion of the bubble dynamics’? suggests that this is not a dominant mechanism in the elec-
trolysis process for these tests.

Minnaert!” was the first to develop an expression for the resonant frequency of os-
cillaung gas bubbles. He considered the bubble as a simple harmonic oscillator with no
damping and with a bubble diameter small compared to the wavelength of the sound. The

bubble acoustic model 1s represented by the expression
ﬁ y

=== (we)*(V-Vp) , (8)
dar 0 0
which, when solved for the resonant frequency of the bubble oscillation, gives
wo 1 3ypo
fo=—= 3 e ©)
2t 2n rn Qo

For a gas with a specific heat ratio of 1.4 in water, Eq. 9 can be written as
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3.2
8 Vpo (10)

Jo=

Tp

where fj is the resonant frequency in hertz, r,, the bubble radius in meters and p, is the
water pressure. (Strasberg!® has expanded this analytical model to include the effects of
damping.) The Minnaer equation (Eq. 9) is widely used to determine the frequency of
bubble noise in water and to relate the noise to bubble size.

Little direct information concerning bubble noise in an electrolysis of water could
be found in the open literature. Richardson!® summarizes some data on sound damping or
attenuation of H, bubble noise during the electrolysis of water 1n a static cell having both
plate and wire mesh electrodes. These data suggest the bubble noise occurred in a fre-
quency range from 5 to 50 kHz, which, as will be shown later. 1s the same range of
frequencies measured in the present tests. The information shown by Richardson also in-
dicates that the noise is highly attenuated at frequencies over 20 kHz.

Some measurements of air bubble sizes in ocean water indicated that the bubbles are
smaller than would be expected from bubble size measurement in fresh water.**-2* While
the cause of this effect is not fully understood, some evidence indicates that the bubble
gas cavity may be coated with a film produced by biological material in the ocean. The
composition, uniformity and thicknesses of the biological films are uncertain and highly
variable. The reported results have focused on air bubbles entrained by wave action.
These bubbles have small diameters and longer lifetimes than would be expected, which
15 attributed to an organic film coating.

If this effect exists, it would be more prevalent at the ocean’s surface than at depth.
Study of this biological coating effect on electrolysis bubbles 1s beyond the scope of the
wests reported here, since simulated seawater was used in all tests, but this is a pheno-
menon which deserves further consideration.

TEST EQUIPMENT

WATER TABLE FACILITY AND FLOW CHANNELS

Bubble 5vise was measured using two water tables which produce a sheet of water
having a specified depth. Wall guides were introduced to simulate a two-dimensional
flow channel consisting of an intake nozzle, a constant area MHD channel. without mag-
netic induction (i.e.. no B-field). and an exit diffuser (see Fig. 3). Bubble noise data were
obtained for two basic channel configurations:

Open-Top Channel

Some long-duration durability tests on electrode materials were carried out using an
open-top channel as reported in ref. 13. Bubble noise measurements were also made as a
secondary effort during those tests. In this configuration, the electrodes made up the side-
walls of the channel as shown in Fig. 3. The bottom wall or floor was made of an insulat-
ing material. and a free water surface existed at the top. This configuration is acoustically
complex. Its noise characteristics would be different from those of a linear closed channel
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MHD seawater thruster being considered.’->* Some data from the open-top channel con-
figuration are included here for comparison. Figure 4 is a photograph of this configura-
tion. The channel length was 12.7 cm; the spacing between the electrodes was 5 cm; and
the depth of the water was 1.8 to 2.0 cm. The flow velocity for all of the open-channel
tests reported here was about 47 cm/sec. The electrod.s were made of materials com-
monly used in seawater electrolysis cells and produced by Eltech Corp. The electrical
conductivity of the water was about 4.5 siemens per meter (S/m), and the electric currents
for these tests were varied to above 6 A.

Closer! Channel

Most of the bubble noise measurements were made with a constant-area, enclosed
channel. When a completely closed channel configuration was used, the bottom surface
of the channel served as the cathode, the top surface as the anode, and the sidewalls were
made from nonconducting materials. This channel was fully submerged in the water flow.
A photograph of the closed channel is shown in Fig. 5.

Aluminum electrodes were used in the closed channel. which was 13.8 cm long.
The spacing between the electrodes was 3.7 cm, and the height of the electrodes was
3.4 cm. The conductivity of the water was maintained at 4.5 S/m, and the current was
varied to over 10 A.

POWER SUPPLY AND INSTRUMENTATION

The electrodes were connected to a direct current (dc) power supply. Applied volt-
ages ranged from O to 30 V; the corresponding current ranged from 0 to more than 10 A.
Current and voltage measurements were made for each of the electrode pairs by applying
various voltages up to the value which produced a current density of 0.2 to 0.3 A/cm?.
For a few tests, a battery power supply was used to determine if the measured sound pres-
sures were 1 some way induced by the power supply.

Currents and voltages were measured with Fluke meters. The repeatability of the
electrical measurements was well within 2%. Approximate values of the flow velocity
were obtained from (1) a water flow meter in the water table and (2) by timing the pas-
sage of a small floating object in the MHD channel. Test velocities ranged from O up to
about 70 cm/sec. The accuracy of the flow velocity measurement was no better than
about £10% of the values stated.

Sound pressure level measurements were made with a Bruel & Kaer (B&K) Hydro-
phone Model 8103. This was the smallest hydrophone probe available. It was 0.7 cm in
diameter and protruded into the flow about 2 cm. The hydrophone is shown in Figs. 4 and
5 downstream of the electrolysis channel. Its position was varied both axially and lateral-
ly. While most of the sound pressure level measurements were made downstream of the
channel in the exit diffuser, some upstream acoustic measurements were also made for
comparative purposes. The frequency response of this hydrophone was flat up to about
100 kHz. It was used to measure sound at frequencies up to 50 kHz.

The output of the hydrophone was supplied to one of two B&K narrow-band fre-
quency analyzers (either a Model 2515 or a Model 2032). The Model 2032 analyzer, used

* Also Seizo Motora, “Research and Development of Superconducting Electromagnetic Propulsion Ships.”™
Japan Foundation of Shipbuilding Advancement (unpublished communication).
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to record most of the noise spectra presented here, also used a B&K Model 2635 charge
amplifier to precondition the signal. Both analyzers statistically sampled the signal and
then calculated the sound spectrum through a fast Fourier transform (FFT), displaying the
spectrum over two or three decades of frequency up to 20 kHz for the Model 2515 and 25
kHz for the Model 2032. For most test points, from 200 to 4000 data averages were com-
piled by the analyzer in determining the spectrum. For the conditions of these tests, the
FFT calcuated spectrum did not change in any important way after 200 data samples
werc taken. In most instances, the test data were sampled and compiled in constant 32 Hz
bandwidths. The analyzer was set up to measure the sound pressure level in pascals.

A decibel scale is also shown on some plots. A value of 1 pPa was used in converting to
the dB scale.

To record the noise spectrum at frequencies up to 50 kHz, a Real Time Systems, Inc.
frequency divider was used in conjunction with the B&K Model 2032 frequency analyz-
er. This device uses a timing circuit to process the input signal and extend the frequency
range of the analyzer. The accuracy of the Real Time System device was evaluated by
generating signals of known frequency and analyzing them with and without the frequen-
cy divider. The device accurately divided the signal, providing confidence that the spec-
tral data up to 50 kHz are reliable.

Spectra obtained with the Model 2515 analyzer were stored and processed through a
personal computer and plotted by a laser printer. Spectra measured with the Model 2032
analyzer were supplied to a Hewlett-Packard plotier and traced to obtain a hard copy.

TEST RESULTS

ELECTRICAL CHARACTERISTICS

The water table facility was drained and filled with fresh tap water having a specific
gravity of 1.000. Salts (in the form of the commercial product named “Instant Ocean™)
were then added to the water in several steps. At each step, the specific gravity and the
currents at various voltages were measured. Figure 6 summarizes the measured electrical
conductivity of the simulated seawater as a function of its specific gravity. At a specific
gravity of 1.024, a typical value for seawater, the electrical conductivity was 4.5 S/m,
which is also consistent with typical published values for seawater. Moreover. the electri-
cal conductivity of the simulated seawater varied linearly with the specific gravity of the
water up to specific gravities corresponding to ocean water.

Various dc voltages were applied across the electrodes, and the currents were mea-
sured at the different voltage levels. Some of these data are given in Figs. 7 and 8 (for the
open-top and closed channels) in terms of applied electric field (£) and current density (j)
in order to generalize the variation of channel geometry. Figure 7 summarizes the varia-
tion of electric field and current density for the electrolysis process in the open-top chan-
nel with metal oxide coated electrodes. Figure § provides similar data for aluminum
electrodes used in the closed channel. In this latter case, two sets of current-voltage data
are shown. The difference between the two curves illustrates the current loss at a given
voltage level when the channel was enclosed and the bubbles formed gas pockets in the
corners between the electrodes and the insulating wall. (The trapped H; gas reduced the
effective electrode surface area and hence the current.) The electrical characteristics of
these seawater electrolysis channels are discussed iz much more detail in ref. 13.
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BUBBLE DYNAMICS

The flow channels were constructed from transparent materials so that the bubble
generation and bubble dynamics could be observed. Fig. 2 provides a quantitative picture
of the bubble behavior.

With the open-top channel configuration (Fig. 4), the electrodes made up the side-
walls channel. Hydrogen generated at the cathode remained in the sidewall boundary lay-
ers as sketched in Fig. 2(a). The H; bubbles are convected downstream in the sidewall
boundary layers, but they also rise due to their buoyancy. As they reach the water surface,
they coalesced into much larger bubbles and either escaped from the free surface into the
atmosphere or floated downstream on the surface and along the wall forming a *“foam
boundary layer.” In any event, with a free surface, the bubbles did not appear to move
out of the sidewall boundary layers where they were generated except when they reached
the free surface. Moreover, they rose to the free surface and expanded into the air so that
no submerged bubbles were visible at distances greater than one channel length down-
stream of the channel exit. Figure 9 is a photograph of bubbles formed in an open-top
channel. It illustrates (1) the layer of small bubbles forming on the cathode surface, (2)
the foam boundary layer at the free surface and (3) the absence of any bubbles in the free
stream.

As the bubbles in the surface foam boundary layer burst and the H; escaped into the
air, there was a faint but audible airborne noise (i.e. a fizzing sound). Prosperetti et al.?®
found that while bubbles bursting on water surfaces create airborne noise, this sound is
not transmitted in the liquid. As a result, this fizzing sound was not an important source
of water-borne noises during these experiments. As a matter of fact, data from the sub-
merged hydrophone located some distance away from the bursting bubbles were nearly
identical to the noise data taken directly under the surface bubble layer. This to some de-
gree confirms Prosperetti’s conclusion.

The bubble dynamics in the enclosed channel with the cathode on the bottom wall
(floor) were completely different, as illustrated in Fig. 2c. As the bubbles broke away
from the cathode wall, they rose through the cathode boundary layer due to their buoyan-
cy and passed into the free stream. Their velocity as they rise in the free stream flow
depends upon their size,!® but for these tests, this velocity was no greater than a few cen-
timeters per second. As a result, the bubbles dispersed through the flow passage and were
convected downstream and out of the powered portion of the channel before they rose to
the top wall (ceiling). There was one exception: bubbles produced in the bottom corners
of the cathode and sidewalls rose through the sidewall boundary layers. Since boundary
layer velccities were lower than the free stream velocity, these bubbles rose to the top of
the channel before leaving the channel. They subsequently formed small gas pockets in
the top corners between the sidewalls and the anode as shown in Fig. 2c. These gas pock-
ets “blocked™ a portion of the anode and slightly reduced the current flow as described in
ref. 13 and shown in Fig. 8.

While it was not possible to measure or even observe the distribution of bubbles in
the free stream (i.e., the void fraction of gas) in the channel for either configuration, some
qualitative observations could be made:

1. In the closed channel, the void fraction increased roughly linearly with in-
creasing distance downstream. The bubbles dispersed uniformly across the
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free-stream portion of the flow passage and increased in number vertically
with increasing axial distance. At the velocities of these tests, they did not
quite fill the channel in the vertical direction at the channel exit.

2. In the open channel, the bubbles were confined to the sidewall boundary
layers, and most of them had dispersed into the air such that the void frac-
tion was confined to the sidewall boundary layer regions and approached
zero about one channel length downstream of the exit.

NOISE MEASUREMENTS AND ANALYSIS

Noise spectra were obtained at frequencies up to 50 kHz for a number of fluid flow
and electrical conditions. Figure 10 is characteristic of the noise spectra measured with a
voltage applied across the electrodes. Spectra such as these were analyzed over intervals
of two decades of frequency to attempt to identify specific sources of the noise.

Test Facilirv Noise

Figure 11 summarizes the sound pressure levels from 0 to 1600 Hz with and without
applied voltage across the electrode walls and with the hydrophone located 7.6 cm down-
stream of the channel. As a voltage was applied across the electrodes and bubbles formed
through electrolysis, the noise spectrum in this frequency range did not change (compare
Figs. 11a, 11b and 11c¢). Also, when the hydrophone was moved several channel lengths
downstream, there were only minor changes in the spectrum. In this range, the
predominant noise occurred at frequencies between about 30 and 400 or SO0 Hz. An ac-
celerometer placed on the water table body and pump also indicated vibrations at these
same frequencies. As a result it would appear that sound pressures up to 500 Hz were due
to the test facility (i.e., vibrations of the water circulating pump and other parts of the fa-
cility). Moreover, noise at these lower frequencies did not change as the bubbles were
formed through electrolysis.

Flow Noise

Noise spectra in the frequency range from 200 to 20,000 Hz were also measured
when the electrodes were not powered (i.e., V=0, I=0) at flow velocities from 0 to
70 cm/sec. Two of these spectra are given in Fig. 12 and illustrate additional noise peaks
which are associated with the flow. When the circulating pump was shut off and the ve-
locity decreased to zero, all of these peaks disappeared except the peak near 750 Hz. At
zero flow velocity, however, water still trickled over the downstream edge of the water
table into the exit reservoir. This trickling water was the source of the noise at frequencies
near 750 Hz.

Table 1 summarizes particular frequer.cies (with no applied voltage) which were
consistently observed with flow through the channel at different velocities. At zero veloc-
ity, the only peak observed was at 736 Hz, which was the peak due to water falling into
the exit reservoir. As the flow velocity was increased, additional frequencies began to ap-
pear at 1000 Hz and above. These peaks shifted to higher frequencies as the flow velocity
increased. At a flow velocity of 70 cm/sec, a harmonic of a 1300 Hz peak at about 2600
Hz was also observed.
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Table 1. Measured flow noise frequencies with a closed channel.*

Velocity (cm/sec) Frequency (Hz2)
0 736 - —_ _
26 768 1024 — -—_
50 768 — 1248 —
70 — 1306 2592

*The bandwidth at which the frequency spectra were mea-
sured was 32 Hz.

Thus, the flow-induced noises in the facility and channel were generally confined to
a single predominant peak of 1000 to 1300 Hz, depending on the flow velocity. More-
over, there was no evidence of flow noise at frequencies above 2600 Hz for the velocities
of these tests when there was no applied voltage.

Power Supply Noise

A few spectra were obtained using a 12 volt battery powering the electrodes in order
to determine if during electrolysis the alternating to direct current power supply was in
some way introducing the increased noise levels shown in Fig. 10. As illustrated in Fig.
13, the noise level increased at roughly the same frequencies when the battery supply was
used. As a result, it appears that the power supply was not a source of the increased noise
that occurred when voltage was applied across the electrodes.

Conditions for Standing Waves

When acoustic reflecting surfaces exist in the vicinity of a noise source, standing
waves can exist. In a rectangular enclosure such as these flow channels, stauding waves
will occur and establish resonant frequencies which depend upon the size ¢f the channel.
Because standing waves may form from reflection of acoustic waves normal as well as
oblique to the surface, they can be quite complex and give rise to several resonant fre-
quencies. In the simplest case, the sound reflects back and forth between two parallel
walls, producing a resonant frequency, f,,which depends upon the spacing between the
walls, or

nC

=

where C is the speed of sound in the fluid, / is the wall spacing, and » is an integer, since
harmonics of the principal wave may also exist.

In (11)

Calculation of resonant frequencies of standing waves in a bubbly liquid is compli-
cated by the fact that the void fraction of the gas bubbles significantly decreases the ef-
fective speed of sound or wave speed in the fluid. Moreover, the decrease depends upon
the distribution of bubbles or void fraction in the liquid. The effective wave speed (C,) in
a liquid containing a uniform distribution of gas bubbles at lower frequencies is given by

2 C2

F I (2)
1+BoC*/po
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where £ is the void fraction of the gas, and C is the speed of sound of the liquid with

B =0. Also, g is the fluid density and pyg is the equilibrium pressure of the bubble in
the hiquid.

With the enclosed channel, the bubbles are introduced uniformly over the cathode
bottom wall and rise through the liquid. Near the exit of the channel and in the exit diffus-
er the bubbles may be distributed throughout the fluid. In this case, the void fraction,

B, may be estimated from the current or current density (Eq. 7); and assuming uniform

distribution of B, the speed at which acoustic waves will propagate in bubbly fluid can be

determined from Eq. 12. Calculations of wave propagation speeds under these assump-
tions are summarized in Table 2 for several typical test conditions. With these acoustic
wave propagation velocities, the resonant frequencies of standing waves were calculated
from Eq. 11 for the dimensions of the enclosed channel. Table 3 lists the effective stand-
ing wave frequencies corresponding to various test conditions for the enclosed channel.
Since the channel was nearly square (3.4 cm X 3.7 cm), the two standing waves that
would exist would probably appear at one frequency corresponding to the mean trans-

verse dimension (i.e., = 3.55 cm).

It should be emphasized that in estimating these frequencies, the bubbles were as-
sumed to be distributed uniformly throughout the channel. This condition was only ap-
proximately achieved near the channel exit for the conditions of these tests. The effect of
void fraction on the caiculated values of resonant frequency of standing waves is shown
in Fig. 14 together with estimated values of the void fraction for the conditions of these
tests.

Standing waves will also exist in the open-top channel. With this configuration,
however, two factors alter the resonant frequency of the standing wave. First, the bubbles
are not distributed throughout the flow but are confined to the boundary layers. As a
result, the gas void fraction should not significantly alter the wave speed from the speed
of sound of the liquid. Moreover, since the standing wave frequency is independent of the

Table 2. Wave speeds in a bubbly seawater assuming uniform distribution of

the bubbles.
Flow Velocity  Applied Voltage Curmrent Void C.
{cm/sec) V) (A) Fraction (m/sec)
26 8 2.75 0.00118 280
26 15 5.30 0.00230 200
26 24 8.75 0.00380 160
70 8 3.23 0.00047 470
70 15.4 6.36 0.00092 330
70 224 10.20 0.00148 240
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Table 3. Standing wave frequencies for the enclosed channel .

Flow Velocity Applied Voltage Current Standing Wave
{cm/sec) V) (A) Resonant Frequency (Hz)
26 8 2.75 4000
26 15 5.30 2900
26 24 8.75 2300
70 8 3.23 6170
70 154 6.36 4500
70 224 10.20 3580

void fraction, it is also independent of the electrical conditions in the channel. Second, the
resonant frequency is altered by the existence of a free surface, which serves as a soft re-
flecting surface opposite from a hard surface. In the horizontal transverse direction with
/=5 cm, Eq. 11 suggests that a resonant frequency of 14,750 Hz will exist with the wave
speed taken as the speed of sound in salt water, C = 1475 m/sec. In the vertical direction
Eqg. 11 can not be applied because of the “soft” free surface of the fluid. A rough estimate
of the standing wave frequency may be made by assuming quarter wave length reflection.
This results in a standing wave at 37.5 kHz.

Bubble Noise

Another possible noise source is the oscillation of the bubbles as they adjust to an
equilibrium spherical shape. The diameters of oscillating bubbles were calculated from
the Minnaert equation (Eq. 9) for the range of frequency covered by these tests;* they are
shown in Fig. 15. These calculations were made for a pressure of 1 atm and a specific
heat ratio of the gas of 1.4. At these conditions, a I-mm-—diameter bubble will oscillate at
about 3000 Hz, while a 0.1-mm—diameter bubble will oscillate at about 40 kHz. The fre-
quency range of noise measured during these tests corresponds to bubble diameters from
about 0.1 to 2 mm, which is consistent with visual observation of the bubble size. Unfor-
tunately, no independent measurement of bubble diameter could be made during these
tests.

DISCUSSION OF NOISE TEST RESULTS

Bubble noise data were obtained as a secondary activity in investigating the electri-
cal characteristics of a seawater MHD thruster reported in ref. 13. Consequently, noise
data were not obtained as systematically as were the electrical measurements reported in
ref. 13. While these results should be viewed as preliminary, they may be useful in begin-
ning to understand and assess the noise characteristics of MHD seawater propulsion
systems. Although these were small-scale experiments, they still may aid in guiding sub-
sequent testing of large MHD seawater thrusters.

* The calculations assumed that the polytropic exponent governing the expansion and contraction of the gas
bubble could be approximated by the specific heat ratio. This assumption would result in estimates of
bubble size which would be no more than 10% 100 large.
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Noise data were obtained with both the enclosed channel and the open-1op channel
at various test conditions, as summarized in Table 4.

ENCLOSED CHANNEL

Figures 106, 17 and 18 present the measured noise spectra for the enclosed channe] at
frequencies up to 25 kHz. Sound pressure levels at higher frequency were essentially con-
stant with no detectable sound pressure level peaks or sound pressure levels above the
base level (i.e.. a flat spectrum). The measured noise spectrum with no applied voltage or
current is also shown on these figures for comparison. With no current flow, the noise
spectrum was flat above about 1500 Hz. The increase in noise at lower frequencies was
caused by the facility and flow noises, as described previously.

As current began to flow across the channel and electrolysis bubbles were formed,
there was a broad-band increase in the noise level downstream of the channel (and up-
stream; see Fig. 16) at frequencies from roughly 2.5 kHz to about 20 kHz, depending
upon the flow velocity. Bubbles generated at the walls appeared visually to be 0.1 to
0.5 mm in diameter. As they moved into the free stream, they coalesced and, as might be
expected, they appear to form a broad distribution of bubble sizes. This broad size distri-
bution would explain the observed broad-band noise spectrum. In addition, there were
several noise peaks at a few individual frequencies. The cause of these peaks is also of
interest.

Zero Flow Velocity

Figure 16 presents two noise spectra taken under static conditions with a current
flow of about 5 A and with zero flow velocity. With no flow through the channel and the
cathode as the lower wall, the bubbles (and hence the gas void fraction) would be ex-
pected to be more or less uniformly distributed in the channel volume, and would satisfy
the assumption made in the calculation of the resonant frequency for standing waves. The
rise velocity of H; bubbles in the channel was estimated to be about 5 cm/sec (consistent
with data of Richardson'?), which leads 1o a residence time of 0.75 sec for the bubbles in
the channel when there is no axial velocity. At a current of 5 A the attendant void fraction
was calculated to be 0.0028. With this void fraction, the frequencies of standing waves

Table 4. Summary of test conditions for acoustic data .

Flow Velocity Applied Current Figure
Channel (m/sec) Voltage (V) (A) Number
Enclosed =0 15.5 5 16
Enclosed 26 8 2.74 17
26 15 5.30 17
26 24 8.75 17
Enclosed 70 8 3.23 18
70 15.35 6.36 18
70 22.75 10.20 18
Open 47 30 5.1 19

DTRC~80/30 13




with zero axial velocity would be multiples of about 2600 Hz. Inspection of Fig. 16a re-
veals that the most pronounced noise peak occurred at 2784 Hz (highlighted by the box).
This peak is most likely associated with a standing wave. There were also much weaker
but noticeable noise peaks at about 5000 and 7500 Hz. The source of the peaks is not
known, but they are close to harmonics of the principal standing wave frequency. Noise
peaks observed at frequencies below 1 kHz were most probably due to the noise of water
trickling from the facility as the exit reservoir drained. Thus, with no axial flow, the noise
due to bubbles occurred over a frequency range from about 2 to 20 kHz. This would cor-
respond to bubble sizes from about 0.3 to 3 mm in diameter. The superimposed peaks
observed in the Fig. 16 data are in all likelihood the result of standing waves.

Flow Velociry of 26 cm/sec

Figure 17 summarizes the bubble noise spectra at a flow velocirv of 26 cm/sec.
Again, broad-band noise occurred with superimposed noise peaks at specific frequencies.
As the current increased, more bubbles were generated, and the noise levels (i.e., sound
pressure levels) rose, as would be expected. (Compare Figs. 17a, b, and c.) Analysis of
these individual noise peaks is also interesting.

At lower frequencies, peaks were observed at 768 Hz and at 1024 Hz with a veloc-
ity of 26 cm/sec. These peaks were due to flow noises, as discussed previously. Some of
lbe othier peaks visible in Fig. 17 are also associated with standing waves. Table S com-
pares previously calculated standing wave frequencies with the frequency of noises peaks
evident in Fig. 17.

The observed frequencies were surprisingly close to the predicted values for stand-
ing waves, considering that the predictions assume a uniform distribution of bubbles. A
closer inspection of these peaks provides more convincing evidence that they are asso-
ciated with standing waves.

As shown by Fig. 14, the resonant frequency of a standing wave decreases with in-
creasing void fraction (i.e., increasing current). This effect can be seen both in Figs. 17
and 18. At an applied voltage of 8 V and current of 2.75 A, the peak believed to be a
standing wave is at 3968 Hz (Fig. 17a). Another noise peak is near 3400 Hz. As the cur-
rent was increased to 5.3 A, the standing wave frequency decreased to about 3000 Hz
(See Fig. 14). As a result, the standing wave peak merged with the noise peak at about
3400 Hz, producing the stronger and broader peak observed in Fig. 17b, which was cen-
tered at 3040 Hz. As the current was further increased to 8.75 A (Fig. 17¢c), the standing
wave frequency shifted further to the left (to lower frequency) and to a frequency of 2528
Hz, which again exposed the peak that remained near 3400 Hz. These three noise spectra

Table 5. Comparison of calculated standing wave resonant
frequencies with frequencies of noise peaks observed in
Fig. 17; Velocity = 26 cm/sec .

Voltage Current Calculated Frequency of Figure 17
V) (A) Standing Wave (Hz2) Frequencies (Hz)
8 275 4100 3968
15 5.30 3000 3040
24 8.75 2400 2528

14
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show, in effect, the standing wave peak shifting to lower frequency with increasing cur-
rent. As was the case with zero flow velocity, the most dominant bubble noise peaks at
this velocity appeared to be associated with a standing wave.

At a velocity of 26 cm/sec, the bubbles produced broad-band noise between about
2500 and 13,000 Hz. In addition, there were specific noise peaks at frequencies near
3400, 5000 and 8200 Hz at all levels of current. Since these peaks did not shift with in-
creasing current, they do not appear to be harmonics of the standing wave.

Flow Velocity of 70 cmisec

Figure 18 provides the noise spectra at three current levels when the flow velocity
was 70 cm/sec. Table 6 compares the calculated standing wave frequencies with the fre-
quencies of some peaks observed in Fig. 18.

Closer inspection of Fig. 18 again reveals at least a partial picture of some peaks
shifting to lower frequencies with increasing current. At a current of 3.23 A, the noise
peak at 6048 Hz shown in Fig. 18a is close to the calculated standing wave resonance fre-
quency of 6170 Hz. Figure 18a also indicates a noise peak at 4288 Hz. As the current in-
creased 10 6.36 A (Fig. 19b), the frequency for a standing wave would decrease to about
4500 Hz. Consequently, one would expect a strong and broad peak at about 4400 Hz. The
Fig. 18b spectrum doesn’t exhibit a peak in this range. Moreover, it does not show the
4288 Hz peak that was evident at the lower current flow. However, when the current was
increased further to 10.20 A. 2 new peak appeared at 3584 Hz, which is close to the cal-
culated value for a standing wave. In addition, the peak at 4288 Hz reappeared. Thus,
these data suggest the existence of a standing wave which shifts to lower frequency with
increasing current. The anomaly of a “disappearing peak” near 4300 kHz in Fig. 18b is
unexplained.

At a flow velocity of 70 cm/sec, increasing the current increased the bubble noise
level (Compare Figs. 18a, 18b, and 18c). Also, at this higher velocity, the noise was con-
fined to lower frequencies between about 2000 and 9000 Hz. In addition, there appeared
to be stronger superimposed noise peaks at about 2600 Hz and 4300 Hz.

Effect of Flow Velocity

The effect of flow velocity on the noise spectra is summarized by Fig. 20, which
compares the measured spectra at three velocities with the same applied voltage. Increas-
ing the velocity decreased the maximum frequency over which bubble noise occurred
from about 19 kHz at zero velocity to 9 kHz at a velocity of 70 cm/sec. This suggests that

Table 6. Comparison of calculated standing wave resonant
frequency with frequencies of noise peaks observed in Fig. 18;
velocity = 70 cmi/sec.

Voltage Current Calculated Frequency of Figure 18
(V) (A) Standing Wave (Hz) Frequency (Hz)
8.01 323 6170 6048

15.35 6.36 4500 —_
22.75 10.20 3580 3584
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while the residence time for bubble coalesce decreases with increasing velocity, the high-
er velocities may result in a greater degree of coalesce of the bubbles, which would shift
the bubbles size distribution to larger diameter bubbles.

Excluding the noise peaks associated with the flow and those believed to result from
standing waves, a few other frequencies exhibited noise levels above the broad-band
noise introduced by the bubbles. The frequencies of these superimposed noise peaks as
shown in Fig. 20 and given in Table 7.

In general, these frequencies tended to decrease with increasing flow velocities,
which also suggests that larger bubbles exist in the higher velocity flows. If these super-
imposed peaks are specific to a particular bubble size, the bubble diameter could be esti-
mated from Fig. 15.

Table 7. Summary of sound pressure level of superimposed
peaks in Fig. 20.

Fiow Velocity
o 26 cm/sec 70 em/sec
Frequency of 4220 3400 2560
Specific Peaks 4960 5216 2980
7600 8160 5760

OPEN-TOP CHANNEL

Figure 19 presents some noise spectra for the open-top channel configuration with a
velocity of 47 cm/sec and a current of about 5.5 A. Most of the testing carried out for this
channel configuration was to evaluate long-duration electrode performance. Consequent-
ly, the test conditions were held constant; the bubble noise data thus correspond to a
single electrical test condition. As noted earlier, these noise spectra are complicated by
the “soft” reflecting surface represented by the free surface of the water, and this configu-
ration is not representative of a seawater MHD thruster. However, there are several inter-
esting features of these spectra.

First, the overall sound pressure levels with the open-top configuration were rough-
ly two orders of magnitude lower than those measured in the enclosed channels. As
described previously, the bubbles were confined to the sidewall boundary layers in this
channel, and the void fraction over the bulk of the channe] volume was essentially zero.
Moreover, the bubbles rose to the surface in the boundary layers and escaped into the am-
bient air. No bubbles could be observed in the flow beyond a few centimeters down
stream of the channel exit. With less opportunity for bubbles to coalesce, the noise level
was greatly reduced.*

*In addition, the author is indebted to Theodore Farabee (DTRC) for pointing out that “this combination of
a soft and hard boundary results in 2 wave-guide which is characterized by its cut-off frequency. Below
the cut-off frequency, propagation does not occur but instead the acoustic field is evanescent and decays
exponentially.” For the conditions of these tests, the cut-off frequency would be about 18 kHz. This factor
also contributes to lower noise levels with the open-top channel and may be responsible for the absence of
sound pressure leve] peaks a frequencies below 15 to 18 kHz observed in Fig. 19.

16
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Inspection of the noise spectra (Fig. 19a) again reveals broad-band noise. a broad
and prominent peak centered at about 34 kHz. Also, there is a secondary peak at 11 kHz.
This latter peak is in the frequency range of the calculated standing wave between the two
electrode walls (approx. 14,750 Hz).

The sound pressure level peak at 34 kHz is interesting. If it is associated with bubble
oscillations, the bubbles would be about 0.1 mm in diameter. A reasonable speculation is
that this is bubble noise which is associated with bubbles breaking away and detaching
from the wall. If that is the case, the frequency of the noise indicates which the bubbles
that break away are nominally between 0.075 and 0.12 mm in diameter (see Fig. 15). It
might also be noted that the peak centered at 34 kHz is close to a frequency of a standing
wave corresponding to a quarter wavelength wave between the bottom hard surface and
water’s free surface, which would have a frequency around 37.5 kHz. No peaks were evi-
dent in this spectrum at frequencies below 11 kHz (see footnote on page 16).

The noise spectrum shown in Fig. 19b was measured 2 hours after that of Fig. 19a.
It exhibits noise peaks at three lower frequencies, which were not present at the start of
the test (Fig. 19a). Over the 2-hour test period. the temperature of the seawater electro-
lyte increased several degrees. As a result, the additional noise peaks at frequencies of
2.1, 2.9 and 5.2 kHz may be due to additional bubble formation as O outgasses from the
heated water. At a later time in this continuous test, these three noise peaks again disap-
peared. If this speculation is correct, then it will be difficult to accurately assess bubble
noise in closed recirculating test facilities unless the water temperature is maintained at a
relatively constant value.

BUBBLE SIZE

Since the frequency at which bubbles oscillate depends upon their size (Eqs. 9 and
10), the noise spectra can be used to make a passive estimate of the bubble diameter. The
broad-band noise produced in the closed channel when electrolysis was begun (as indi-
cated by Fig. 15) would suggest bubble diameters from about 1 mm 1o perhaps as low as
0.15 mm. This size range is larger than some results reported by Janssen and Hoogland?
for electrolytically produced H; and O bubbles at detachment. Noise spectra from the
enclosed channel tests indicate bubble diameters perhaps an order of magnitude larger
than the ref. 26 data. It might be noted that the noise peak centered around 34 kHz, which
was observed with the open-top channel, corresponds to a bubble size (d < 0.1 mm) much
closer than Janssen and Hoogland data. It was noted earlier that this peak is believed to be
associated with the detachment of bubbles from the electrodes since with this configura-
tion, the bubbles did not move into the free stream and did not have the opportunity to
coalesce with other bubbles. They were observed to just stream up to the free surface
through the sidewall electrode boundary layer. One possible conclusion from these com-
parisons is that the enclosed channel having the cathode surface on the floor allows the
bubbles to quickly pass into the free stream and gives them a much greater opportunity
for bubbles to coalesce and form larger bubbles which oscillate at lower frequencies. As a
result, the bubble noise spectra shown in Figs. 16, 17 and 18 may be dominated by noise
associated with bubble coalescence, rather than detachment of bubbles from the wall.

Data presented by Blouchard and Woodcock?! illustrates that lower frequency
bubble noise will not be attenuated as much as high frequency noise.
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STANDING WAVES

The bubble noise spectra measured with these small channels consistently indicate
the existence of standing waves. Furthermore, the resonant frequencies of these waves is
in the same frequency range as the oscillating bubble noise. This makes interpreting and
understanding electrolysis bubble noise difficult in small-scale tests such as this one.

In larger seawater MHD thrusters and at the scale of submerged vessels, the fre-
quency of standing waves would be quite low. For example, a 1 X 1 X 6 meter long
channel with a flow velocity of 10 m/sec and a current density of 0.3 A/cm® would have
standing wave frequencies much lower than those produced by flow turbulence (i.e.,
below 250 Hz). Furthermore, depending upon the spatial distribution of the bubbles,
standing wave resonant frequencies could be less than 50 Hz. Thus, bubble noise analysis
and interpretation should be much simpler in large channels.

CONCLUDING REMARKS

Sound pressure ievels were measured as a function of frequency in a small-scale
MHD-type channel (without an applied magnetic field) using a hydrophone which pro-
truded into the flow. These tests were carried out during electrolysis of salt water and at
flow velocities of 0 to 70 cm/sec. The current densities ranged up t0 0.3 A/cm?. These
tests provide preliminary measurements of the H, bubble noise that will occur in an MHD
seawater thruster. While the scale and flow velocities for the tests were low compared to
projected seawater MHD thrusters, the measurements are of interest and may aid in the
tesung and evaluaton of larger seawater thrusters. Some conclusions have been drawn
from these data.

1. The production of hydrogen bubbles through the electrolysis of seawater at cur-
rent densities expected for MHD ship propulsion, 0.1 to 0.3 A/cm” , produced a
broad-band increase in the sound pressure level at frequencies from about 2 to nearly
20 kHz. The upper range of this frequency interval decreased with increasing flow veloc-
ity. The incremental increase in the sound pressure level or noise due 10 the electrolysis
bubbles roughly doubled from 0.015 pascals without current flow to about 0.030 pascals
al current densities between about 0.2 and 0.3 Ajcm?>. The noise level of the bubbles in-
creased with increasing current over the range of currents covered in this investigation.

2. A few noise peaks at specific frequencies were superimposed on the broad-band
noise. The most significant of these, however, appeared to be associated with standing
waves that existed in these small scale channels. When the H. bubbles were introduced
by the cathode at the floor of the channel. they rose through the boundary layer due to
their buoyancy and were dispersed in the free stream, giving rise 10 an increasing void
fraction in the free stream with increasing downstream distance. The void fraction in-
creased with increasing current; a small change in void fraction significantly affects the
wave speed and hence the frequencies of standing waves. Standing wave resonant fre-
quencies for the conditions of these tests varied between about 2.5 and 6 kHz in the
enclosed channel configurations and depended upon the current, flow velocity and size of
the channel. These standing waves complicate the interpretation of the acoustic data. A
larger scale MHD seawater thruster, in contrast, will not produce standing waves at fre-
quencies this high and in the bubble noise range.

18

DTRC—-90/30




3. In total, these acoustic data suggest that bubble oscillation following the coales-
cence of bubbles in the free stream may be the principal noise source with an enclosed
channel. Bubbles which detach from the wall also produce noise, but at sound pressure
levels which are only a few percent of the levels produced by coalescing bubbles. This
division of noise 1s to some degree conjectural.

4. The broad-band noise in a closed channel would suggest through Minnaert’s
equau'on” that the coalescing H» bubbles ranged from about 0.15 to more than 1 mm in
diameter. Other test results in an open-top channel, in which the bubbles only resided in
the sidewall boundary layers and rose vertically to escape in the ambient air, appeared 10
produce a sound pressure peak centered about 34 kHz. This noise peak is believed to be
associated with bubbles detaching from the electrode surfaces and corresponds to bubble
diameters of 0.075 to 0.15 mm for detaching bubbles. This size range inferred from the
noise spectra is somewhat higher than other photographic measurements reported by
others.

5. The frequencies of bubble noise measured in these tests are consistent with some
results obtain in Germany in the 1950’s. Noise from H; bubbles at frequencies above
20 kHz should be highly attenuated. Thus, bubble noise which appears to be associated
with detachment from the electrodes may not be significant in MHD thrusters. However,
noise produced by coalescing bubbles occurs at much lower frequency, perhaps under S
kHz. and it may not be significantly attenuated by the water.

€. The possibility of biological films coating the bubbles in real ocean water was
not considered in these tests. Such films could greatly alter the acoustics of electrolysis
bubbles. While this phenomenon may I+ important only near surface ocean waters, it
should be investigated, nevertheless, because of the large effect it could have on ampli-
tude and frequency of bubble noise.
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Fig. 1. Bubble oscillation.
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Fig. 2. Bubble dynamics in the electrolysis process in open and closed channels.
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Fig. 5. Photograph of the closed channel configuration.
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Fig. 10. Enclosed channel noise spectra; flow velocity = 70 cm/sec.
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Fig. 12. Noise spectra in closed channel with no applied voltage and zero current.
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